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ABSTRACT

The dimensions of a multiple-beam antenna designed to optimize some

desirable characteristics of a synchronous communication satellite antenna

are derived. The multiple-beam antenna is an X-band waveouide lens with a

cluster of feeds in its focal plane. Two antenna systems are considered:

1) an antenna system radiating pencil beama for area coverage, and 2) an

antenna system radiating an earth-coverage beam with nulls in prescribed

directions. The characteristics of the optimum configurations are studied

over . band of frequency and for practical values of feed excitation errors.



Optimization of a Communication Satellite

Multiple-Beam Antenna

A previous note (2] presented some characteristics of a communication sat-

ellite multiple-beam antenna (MBA). In this report, the configuration of such

an antenna, consisting of a waveguide lens with a cluster of feeds in its focal

plane, is optimized using computer modeling techniques [21 for two separate

antenna systems. In the first system the antenna is required to radiate pen-

cil beams to illuminate specified areas of the'earth's surface. In the second

system the antenna is required to radiate an earth-coverage beam with nulls in

prescribed directions. The derivation of the directive gain of a waveguide

lens NBA and the associated computer program are presented in the Appendix.

PART I AREA COVERAGE MBA

I. Introduction

The MBA is studied with the aim of optimizing the gain in any direction

within a Field-of-View (FOV) by exciting the feed or the group of feeds that

maximizes the power radiated in that direction. The minimum directive gain,

G, that can be achieved under this condition is the parameter of interest

and is derived for several feed cluster configurations, The study is carried

out for a waveguide lens antenna with a flat feed cluster in its focal plane

[1]. The field of view considered is an 18-degree cone which is about 0.60

larger than the angle subtended by the earth at synchronous altitude. The

feed clusters studied include a triangular lattice arrangement of either 19,

31 or 37 feeds and a square lattice arrangement of 32 feeds. The circularly

polarized feeds have a circular aperture of diameter equal to the spacing be-

tween feeds and are of two types (1) LES-7 type [l] and (2) unit-feed type.

(These terms will be defined later.) The optimization is carried out at a



frequency of 7.5 GHz and the performance is calculated at this frequency and

also at 7.25 and 7.75 GHz.

II. Optimization of Area Coverage MBA

Since the feeod cluster ia a periodic structure it is only necessary to

calculate the minimum gain in two specific directions. Consider, for example,

the triangular arrangement of 19 feeds shown in Fig. 1. Because the antenna

directivity is smaller for feeds on the edge of the cluster, the basic cell

of coverage considered contains the beams generated by exciting either feeds

21, 31 or 32 individually, as well as the beams gerrated by exctling any

combination of these. feeds with signals of equal amplitudes and in phase.

The minimum directive gain within the FOV occurs in the direction where the

three fol]owing beams have equal directive gains: (1) the beam resulting

from excitation of feed 31, (2) the beam resulting from the simultaneous exci-

tation of feeds 31 and 32,(3) the beam resulting from the simultaneous exci-

tation of feeds 21, 31 and 32. This direction was found by trial and error

calculations, and the corresponding minimum directive gain is plotted in Fig. 2

(dashed curve) as a function of feed spacing for a given lens diameter. On

the periphery of the FOV a different situation exists and the directive gain

is optimized by either exciting feed 21 alone or feeds 21 and 31 together.

The peripheral direction where the two resulting beams have equal directive

gains was again found and the corresponding directive gain is plotted as Lhe

solid curve in Fig. 2. For a given lens diameter and feed spacing the minimum

directive gain, 0m, over the entire FOV is the lesser of the two values read

from either the solid or the dashed curves in Fig. 2. The intersection of the
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two curves determines the maximum value of Gm, and the corresponding optimum

separation bstween feeds. The values of G for other lens diameters, and feed

spacings are given by the bottom curve in Fig. 3. Note that G is not strongly

dependant on lens diameter between 24 inches and 34 inches, for which Gm remains
mm

within 0.3 dB of its peak value.

The above result is achieved with in-phase excitation of feed combina-

tions. However, since the feeds are coplanar, the phase of the far field

arising from excitation of an offset feed is delayed with respect to that of

the center feed by an amount increasing with feed offset angle. The direc-

tivities of beams resulting from multiple feed excitations are somewhat reduced

by this effect. The phase delays could be removed by locating the feeds on

a spherical cap whose geometric center is at the vertex of the lens inner

surface or by exciting each feed with a signal whose phase is advanced by an

amount equal to its relative delay (phase correction). This latter method was

studied with the result depicted by the dashed curve of Fig. 3 indicating that

phase correction leads to an increase of about 0.3 dB for Gm.

The minimum directivity curves of Fig. 3 apply to a cluster of 19 circu-

lar horns excited with a TE1 1 mode (LES-7 type feeds). The aperture efficiency

of Lhis feed is aelout 83.j% and the area of its aperture is 91% of the maximum

available area per feed, called a "unit cell" area. A unit feed is defined as

a feed whose uniformly illuminated aperture is that of the unit cell. The

gain of a unit feed is thus 1.2 dB larger than thu gain of a LES-7 type feed.

It is believed that practical feeds may be realized whose gain (within the

feed cluster environment) is equal to but not greater than that of the unit

feed. One possible technique of achieving this, for example, is by the addi-

tion of a polyrod in the aperture of a horn. Another technique is to divide
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the feed horn aperture into several smaller apertures of dimension less than

a free-space wavelength by means of metal septa. This latter technique has

proved practical with square aperture horns. The minimum directive gain of a

waveguide lens MBA, embodying a cluster of 19 triangularly spaced unit feeds,

was calculated for the case where the feeds are excited with phase-corrected

signals. The results are shown in Fig. 3 (top curve). The radiation pattern

of the unit feed, intrinsic in the calculation, is the function 2J (U)/u with

u - (2TWsA)hin where e is the angle from the axis of the unit feed and a is

the radius of a circular aperture of area equal to that of the unit feed.

Figure 3 shows that the peak value of 28.9 dB for Gm is obtained with a lens

diameter of about 28 inches and a feed spacing of about 2.31 inches. The

radiation patterns for this optimum configuration, when each feed of the cen-

ter row is excited individually, are presented in Fig. 4. The peak directiv-

ity of 31.9 dB corresponds to an aperture efficiency of 50%. The half-power

beamwidth of each beam is 3.6%, the crossover level is about 5 dB below the

peak directivity and the edge beam is seen to point very near the boundary of

the FOV. The beams formed by exciting two or three adjacent feeds together

are typified by the contour plots of Fig. 5 where 3 beams are shown: (1) the

beam resulting from excitation of feed 31 has a circular cross section with

directivity of 31.3 dB, (2) the beam resulting from excitation of feedt 31 and

32 has an elliptic cross section with directivity of 29.6 dB, (3) the beam

resulting from excitation of feeds 31, 32 and 21 has a "triangulor" cross sec-

tion with directivity of 29.4 dB, The directive gain in dB is shown on each

contour; levels below 27 dB are not shown for clarity. It is observed that

the directive gain of each of the three beams is equal to the minimum value of

7
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of about 28.9 dB (G) in the direction AZ- 8, EL -0.75f.

In addition to the cluster of 19 feeds, clusters of 31 fcsds and of 37

feeds were also studied. The 31-feed cluster is the 37-feed cluster with the

six outermost feeds removed as shown in Fig. 6a. Also studied was a 32-feed

cluster on a square lattice as shown in Fig. 6b. In this latter case either

one, two or four adjacent feeds are excited to provide the coverage. The

comparative performance of the different feed clusters is presented in Fig. 7

as a function of lens diameter. The corresponding optimum feed spacing is

plotted In Fig. 8.

Ill. Beam Steerin[

The minimum directive gain previously derived implies that a finite num.-

her of beams pointing in discrete directions within the FOV are generated. A

number of these beams are produced by exciting two or three adjacent feeds in

which case, equal signals are fed to each feed. However, the beam-forming

network postulated[2] allows any power division among the feeds, making possi-

ble continuous beam steering between the beam directions of the singly excited

feeds. With beam steeritg, the minimum directive gain of the MBA is

increased as compared to the simpler case described in Section 11. The char-

acteristics of the beam formed by fractional excitation of two adjacent feeds

are typified by Fig. 9 which shows the directive gain and pointing direction

of such a beam as a function of the fractional power delivered to feeds 32 and

33. An example of a case where three adjacent feeds are excited fractionally

is given in Fig. 10 which shows a beam pointing close to the previously de-

10
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19-BEAM WAVEGUIDE LENS ANTENNA LENS DIAM 28 in.
CIRCULAR POLARIZATION DESIGN FREQUENCY -~ 765 GHz
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Fig. 10. Contour plot of a steered beam~.
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rived minimum-directive-gain direction (i.e., AZ M -8", • - -0.75), a result

obtained by exciting feeds 21, 31 and 32 with power ratios equal to 0.25,

0.50 and 0.25, respectively. The antenna configuration in each of the above

two cases is the optimum 19-feed waveguide lone MBA. Clearly# beam steering

can only raise the minimum directive gain to the directivity of the beam formed

when three adjacent feeds are fed equally and in phase, and for the present

case this value is 29.4 dB.

IV. Freojency Behavior

The waveguide lens MBA was optimized for a frequency of 7.5 GHz. The

effect of frequency on the #orformance of the 19-fead optimum configuration is

shown in Fig. 11 over the range 7.25 GHz to 7.75 Ozl. It is observed that at

7.25 GHz the minimum directive gain drops about 0.7 dB. This drop is due

mostly to dispersion by the waveguide lens as evidenced by the dashed curves

which show the calculated performance when the lens dispersion factor is

removed. (The dispersion factor was removed by calculating a new perfect lens

at each frequency.)

V. Effegt of F/D Ratio

The directivity of the center beam (feed 33 excited) of the 19-feed opti-

mum MBA is plotted in. Fig. 12 as a function of the F/D ratio. Two waveguide

lenses were considered (1) a waveguide lene with a spherical inner surface of

radius equal to the focal length and (2) a waveguide lens with inner surface

of radius equal to the lens diameter. The sharp drops of about 0.5 dB occur

for values of F/D at which zoning takes place. The performance of the wave-

guide lens as a function of F/D reflects principally the effects of two

16
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assumptions inherent to the calculations. The first one is the absorbing

pattern of the waveguide elements of the lens which is assumed to be a cose

pattern pointing toward the geometric center of the inner surface of the lens

And the second one is the assumed radiation pattern of waveguide elements

adjacent to steps in the lens. The validity of these assumptions is substan-

tiated in part by the good agreement between the measured and calculated direc-

tive gains of the LES-7 MBA which has an F/D ratio equal to unity. However,

as this ratio decrea.es, the validity of the first assumption becomes increas-

ingly dubious, yielding lesser confidence in the corresponding results.

VI. Tolerances on Power Divider

Multiple-beam antennai wi't trianguiarly spaced feed cluste'r's'require

excitation of up to three feeds with in-phase signals of equal power levels,

Deviations from the in-phase condition cause a decrease of the directivity of

the resulting beam with a corresponding decrease of Gm. A phase error of

+20* between input signals yields a reduction of 0.12 dB of the minimum

directive gain. Non-uniform excitation of the feeds causes a squint of the

beam and a reduction of G . For a deviation of +1 dB the calculated reduction
m

of Gm is 0.15 dB. Thus the effect of even appreciable deviations from uniform

phase and amplitude excitation is negligible.

19
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PART 1I EARTH COVERAGE WITH PRESCRIBED NULLS MBA

I. Introduction .

The characteristics of a multiple-beam antenna designed to radiate an earth-

coverage beam with nulls In prescribed directions are investigated in this Part.

The MBA considered consists of a waveguide lens with a cluster of 19 feeds in

its focal plane. The MBA dimensions are chosen to optimize the minimum value

of directive gain over a cone angle of 18' and also to maximize the depth of

the null (an appreciable reduction of gain in a prescribed direction is termed

a null) produced when one feed of the feed cluster is not excitedi Optimiza-

tion is carried out at the center frequency of a 7.9 to 8.4 GHz frequency

band. The predicted performance of the optimum configuration at the center

frequency and at the extreme frequencies of this band is presented as well as

the calculated performance degradation caused by errors in the feed excitation

coefficients. The 19-feed MBDA nulling antenna allows one to reduce the gain by

at least 15 dB in any direction over the FOV by suppressing excitation to

either a single feed or to a group of two or three adjacent feeds. The dis-

advantage of this nulling technique is that by suppressing excitation to a

group of adjacent feeds the gain reduction occurs over an undesirably large

area. However, by means of a null steering technique it is possible to direct

a null, of coverage about equal to that obtained by suppressing excitation to

a single feed, toward any directions over the FOV. To implement the null
I

steering technique, however, a tight control of phase is required. The dis-

advantages of the former two techniques are eliminated by increasing the

quantity of feeds in the cluster. The performance of a 61-teed cluster is

20



presented and shown to offer distinct advantages. The disadvantage of this

latter configuration isp of course, the much larger feed network required.

II. Optimigagion of Nulling MBA

The waveguide lene and feed cluster optimized is the LES-7 configuration

with the exception that a cluster of unit feeds is considered. Optimization

is carried out as follows: For a given lens diameter and with the feed spac-

ing as a variable parameter the directive gain is calculated for an appropriate

number of directions within an element of symmetry of the FOV. The feeds

are all excited equally (except as described next) and their phase is adjusted

to produce spherical wavefront secondary radiation (phase corrected). For

small values of feed spacing, the lowest directive gain is found to occur

within the FOV at the bottom of the ripple superimposed on a nearly flat pat-

tern. The feed spacing which optimizes the minimum value of the Earth-

Coverage directive Gain (ECGMIN) is that value s which makes the minimum

gain within the FOV, and that alonC the boundary, equal. This optimum value

was calculated first with all feeds excited equally. By exciting the feeds

such as to produce a more uniform directive gain around the periphery of the

POV a larger value of ECGMIN can be reached. The boundary of the feed clus-

ter is a hexagon and therefore with the feeds equally excited the radiation

pattern is broader in planes passing through the corner of this hexagon than

in bisecting planes. Therefore, exciting the corner feeds with less power

than intermediate feeds along the periphery, will make the directive gain more

uniform along the boundary of the FOV and will lead to a slightly larger

21



ECGIN. Thus the above optimization procedure was also carried out for differ-

eant values of the power excitation ratio r, i.e., the ratio between the power

fed to corner feeds and that fed to intermediate feeds, and the value ro which

maximize. ECGIN was determined. This procedure repeated for an appropriate

range of lens diameter yielded the results represented by the solid curve of

Fig. 13. The minimum directive gain over the FOV peaks at about 19.3 dB and

is at least 19 dB for lens diameter of 22 to 32 inches. The dip in the curve

at a diameter of about 26 inches is believed to be caused by an additional

zoning step, since lenses with diameter larger than 26 inches contain one zone

* more than the smaller diameter lenses.

The next step in optimizing the nulling MBA is to determine the depth of

the null produced by suppressing excitation to one feed of the optimum config-

uration. The dashed curve of Fig. 13 shows the results obtained when feed 32

is not excited. The largest null depth is reached with a lens diameter of

28 inches for which the null level is -17 dBi, i.e., about 36 dB below the

minimum directive gain. The optimum values of the feed spacing and of the power

excitation ratio are plotted in Fig. 14 as a function of the lens diameter.

The contour plot of the earth-coverage beam obtained with the optimum con-

figuration, i.e., a lens diameter of 28 inches, a feed spacing (s0) of 2.35 inch

and a power excitation ratio (r 0 ) of -0.83 dB is given in Fig. 15. The peak direc-

tive gain is 20.8 dB and the minimum directive gain over the FOV is 19.3 dB.

Figure 16 shows the coverage obtained with excitation of feed 32 suppressed and

Fig. 17 shows a typical case of null steering obtained by setting the phase of

the signals to feeds 32 and 33, -900 and +90*, respectively, as compared to

the phase of the signals to all other feeds. Inspection of the narrow beams

22
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19-BEAM WAVEGU IDE LENS ANTENNA DESIGN FREQUENCY - .15 GHz
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Fig. 15. Contour plot of optimally designed earth-coverage MBA.
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generated when each feed of the optimum configuration is excited alone (see

Fig. 3 which applies to a similar configuration except for the feed spacing
ýfhlch is equal to 2.31 in.) shows that, as anticipated, the beams are nearly
orthogonail, i.e,., in the direction of the peak of any beam the amplitude of

the radiation from the other beams is close to a minimum. Thus deep nulls in
an earth-coverage beam are associated with low-minima narrow beam .patterns.

The characteristics of a 26-inch waveguide lens with a 19-feed cluster

were reported by Ricardi, I_•t al. (2 This configuration though not optimized to

produce the deepest null was verified to lead to 15-dB gain reduction contours
nearly identical to those of the optimum configuration.

II. Frequency Behavior

The effect of frequency on the earth-coverage beam is slight as illustrated

in Fig. 18 by the patterns computed at the center and extreme frequencies of a
500-MHz bandwidth. The effect of frequency on the depth of null is severe,
however, as shown in Fig. 19 by the patterns passing through the minimum of

the null at five frequencies over the same bandwidth. This behavior was not
unexpected since the waveguide lens is dispersive and the primary effect of
dispersion is to raise the level of the minima in the patterns associated
with single-feed excitation• and hence reduce the null depth achievable. That
the lens dispersion is the primary cause of the observed drastic reduction of
null depth is demonstrated by the results obtained when the waveguide lens
is replaced by a non-dispersive lens (Fig. 20). In this case the
null depth is seen to retain greater than 30 dB and the null width at a depth

of 15 dB is constant over the band.

28
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Fig. 18. Effect of frequency on earth-coverage beam.
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IV. Effect of Errors on Feed Excitation Coefficients

The effect on performance of errors on the amplitude and phase of the sig-

nals applied to the feeds was determined by computing the radiation character-

istics of the optimum configuration when errors are added

to the required signals. Normal distributions of errors with a 3a power

deviation equal to 0.5 dB and a 3a phase deviation equal to 15' were chosen.

Calculations were performed for ten distributions of errors and the statistics

of the results compiled. Calculations were also made for deviations twice as

large as above and the results are given in Fig. 21 together with the error-

free case. The feed network reported by Ricardi, etal. [2] displays peak errors

of about +0.5 dB in power and +10± in phase and therefore approximates the

computer model with the smaller random deviations. Such deviations do not

lead to appreciable performance degradations. In the null steering mode a

different situation exists, however. In this mode two adjacent feeds are

excited with signals whose phases are +90* and -*90°, respectively, as compared

to the phase of the signals applied to the other feeds, and the null is steered

by varying the ratio of power fed to the two out-of-phase feeds. The effect

of phase errors on the quadrature-fed elements is appreciable as may be

inferred from Fig. 22 where the 15-dB contour of the steered null corresponding

to a power ratio of I (reproduced from Fig. 17) is shown together with those obtained

when signals of phase 93* and -93' and also 96* and -96, are applied.

A phase error of 3 causes the 15-dB gain reduction coverage to contract and a phase

error of 6' causes a splitting of this coverage. Thus to maintain the cover-

age the phase error at the feed must not exceed a couple of degrees. Since
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EFFECT OF FEED EXCITATION ERRORS

3v oe 3vpas ECO Min (db) ECO Mx(dB) Ripple (db) NullI Depth (db)

(dB) (doe) Mesan Std Dev Mean Std Dev Mean Std Dev Mean Std Dev

0 0 19.3 - 20,8 - 1.5 - 37.3 -

0.5 15 19.2 0.2 20.8 0,2 1.7 0.3 36.9 3.0

1.0 30 1810 0,2 21.1 0.3 2.3 0.3 33.9 4.3

1'tv. FS Effn-ct on perf~ormanceo of feced excitation errors.
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both the beam-forming network and the required 3-state phase shifter contribute

to phase errors,a tight tolerance of the order of about +1' is imposed on each

of these units, which may be difficult to achieve in practice. In the alter-

native nulling technique described next, such tdght tolerances are not required.

This technique involves replacement of the feed cluster by a cluster with a

higher density of elements and therefore has the disadvantage of requiring

a larger number of variable power dividers in the beam-forming network.

V. Alternative Nulling Technique

Consider the replacement of each feed of the optimally designed 19-feed

cluster by three smaller feeds. It would then be expected that suppressing exci-

Station to groups of three adjacent feeds would produce a null about similar to

that obtained by suppressing excitation to the larger single feed they re-

placed. That this is actually the case was verified by computing the perfor-

* mance of a 28-inch lens with a cluster of 61 feeds. Optimisation of this con-

* figuratioun led to a feed spacing of 1.3 inches, i.e., P 1/V/T times the spacing

* of the optimum 19-feed configuration. The 61-feed cluster is shown in Fig. 23.

Since a null is produced by suppressing excitý-tion to groups of three adjacent

foeeds and since such groups overlap, their null coverages also overlap. Fig-

ure 24 shows the 15-dB gain reduction contours obtained by suppressing excita-

tion to each group of three adjacent feeds contained in a 7-feed sub-cluster,

demonstrating that in all directions within a corresponding cell of coverage a

gain reduction of at least 15 dB is achieved. Since the full FOV is generated

by translations of this cell of coverage and since these cells may be made to

overlap it follows that this gain reduction applies to the full FOV.
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Fig. 23. Feed geometry.
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WAVEGUIDE LENS AND 61-ELEMENT FEED CLUSTER
LENS DIAM = 28 in. FEED SPACING = 1.30 In. F/D u I
DESIGN FREQUENCY = 8. 15 GHz FREQUENCY w 8. 15 GHz
UNIT FEEDS PHASE CORRECTED CIRCULAR POLARIZATION
GROUPS OF 3 FEEDS OFF

10 " I I ... ' I ' ' I " I I '

* 8

* 6

10

LU/-2
-LJ

-4

"-6-

-10 L t I I I I , I . Il.. I L• - I I ! .I _ JI

-10 -8 -6 -4 -2 0 2 4 6 8 10

AZIMUTH (deg)

Fig. 24, Coverage of overlapping nulls.
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This technique, which could appropriately be called virtual overlapping

feed technique, is capable of static gain reductions larger than 15 dB with a

simple extension of the process. This capability exists because the phase of

the radiation is nearly uniform over most of the angular extent of a null and

this phase is also nearly equal to the phase of the radiation over the narrow

beam associated with the feeds whose excitations are suppressed. Consequently,

by letting a small amount of power leak to these feeds and reversing the pol-

arity of the radiated field the resulting level of radiation in directions

within the null may be appreciably reduced. The 15-dB gain reduction contour

corresponding to removal of excitation to feeds 43, 54 and 55 (included in the

presentation of Fig. 24) is shown enlarged as the heavy line in Fig. 25, while

the coverage of 25 dB or more reduction is shown by the dotted area in this

Figure. Also shown are the annular areas where the gain is reduced by more

than 25 dB when these three feeds are excited 180* out of phase with all other

feeds and at a relative power level P -16.5 dB and -12.0 dB. Note that the

gain is reduced more than 25 dB over the areas shown only when the excitation

is as indicated; specifically the gain reduction in the dotted area is less than

.25 dB when P " -16.5 or -12.0 dB. Thus with only three settings of the

power level to these feeds the gain can be reduced by more than 25 dB over a

coverage identical to the 15-dB or more gain reduction coverage obtained by

simply removing excitation to these feeds. Since this latter gain reduction

can be accomplished anywhere within the FOV, so can the 25-dB gain reduction.

The required values of power setting are not identical for all 7-feed sub-

clusters however, and it should be observed that with polarity reversal deep
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WAVEGUIDE LENS WITH 61-ELEMENT FEED CLUSTER
LENS DIAM 28 in. FEED SPACING.a 1. 30 In, F/D I
DESIGN FREQUENCY - 8, 15 GHz FREQUENCY w S. 15 0H:
UNIT FEEDS PHASE CORRECTED CIRCULAR POLARIZATION
FEEDS 4,3 5,3 AND 5,4 DRIVEN OUT OF PHASE AND WITH POWER

LEVEL P1L WITH RESPECT TO ALL OTHER FEEDS

4

*~P x i 8"*1aD dB

P w11.5d

zL

P *-12OdB
L

-6 -5 -4 -3 02

AZIMUTH (dog)
Fig. 25. Coverages of 25-dB or more gains reduction.
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nulling can also be accompliahed by adjusting the power level to but one feed.

The desirable characteristics of the virtual feed overlapping technique remain

to be confirmed over A 'finite bandwidth and for feed excitation errors ofrprac-

tical magnitudes. Since Only a'revrail of polarity it required, a'close con-

trol of phase is not necessary and there seems to be no reason why the perfor-

mance of the 61-beam HMBA would degrade more with feed excitation errors than'

that of the reported 19-beam MMA. R.versal of polarity is an inherent char-

acteristic of the variable power divider considered by Ricardi., et al. (21 but

its size and weight could preclude its use in an implementation of the technique.

VI. Discussion

The optimum dimensions of a multiple-beam antenna for communication-

satellite applications were derived for two separate systems 1) a transmit

area-coverage system'realized by narrowý-beam switching and 2) a receive earth-

coverage beam system with nulls in specified directions. The optimum dimen-

sions of these two systems are very closely identical and therefore, in prin-

ciple the two systems could be implemented with a single lens and feed cluster.

The nulling earth-coverage antenna with a 19-feed cluster requires a

tight phase tolerance on feed excitations exLQpt in applications where the

large nulling areas associated with suppressed excitations to 2 or 3 adjacent

feeds are tolerable. A virtual feed overlapping technique relieves the eye-

tem from such tight tolerances as demonstrated by the performance of a 28-inch

diameter lens with a 61-feed cluster. The much larger feed network of this

system could be objectionable, however. Of related interest is the perfor-

mance of a 37-feed cluster that was briefly studied but not reported above.

Its optimum performance is reached with a lens diameter of 24 inches and a
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APPENDIX A

Derivation of the Directive Gain Functions

Consider the feed cluster and lens geometry of Fig. 26 and let P be the

power at the input of the l:N, power divider whore N. is the number of feeds

in the cluster. The power radiated by feed ij is P/N. of which the amount

PA absorbed by the lens waveguide element m,n is given by

P (PIN1  (G0Ef~ /4trrr (a Coos2 3~j COacUM) (

where

Gofn2  is the gain of feed ij in the direction of wave-
0 Mij guide mn (see Note 1)

GO is the feed directivity

r is the distance between the teed and the waveguide
mnij element

a 2cos8oum /cosa is the absorbing cross section of the
wavelUide element

and r is the reflection coefficient at the input of a

mn waveguide element and is given by

2(v-l) 2ffvda
r mn V-i) sin

where d u is the length of the waveguide element and
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where )1/
1/2+

~l 2

ý0'm n i Cos Om

skp[-jik(r~ij + Vd= .j')3

:and f 4s the focal leoigth of the Ions..

The power density is

E e,- PG a-

. ' '+ -9.-.-.

2 & 1/2 -_2.2.• 2 ° 2

and, since N R is the isotropic level of radiation the directive gain func-

tion la

G(eO,)

" •Note 1: The foedhorn radiation function f ic of the form

IIf *(1-u
2 /6+u4/120) (l-v2/6+v4/120)

with

U - cos

where coo$, and coo$, are direction cosines of '7ij The parameters d. and

dwere obtained by fitting f to he measured E- and H-plane radiation patterns

of a 2-inch aperture conical horn excited with a TE mode.
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v ( I -(X/2a)2] 1/2

is the index of refraction of the lens.

The power absorbed at one end of each waveguide element propagates unattenuated

to the other end where it is radiated.. At a far-field distance R and in

near-axial direction m,• the electric field generated is given by

/2 
-/ 1/2

- _ -~exp[Jk(r Mnj+ Vd -~ + jm)J
47TR ~ nj m i

where

(1)1/2 in the characteristic impedance of free space

k X 2_ • is the wavelength ofthe radiation

4Ta 2f" is the aperture gain of the waveguide element
•2

h(M,0) is the amplitude radiation pattern of a wave-
guide element (see Note 2)

PMn is the vector position of element m,n at the
exit side

P - sin~coa4i, + uinesinoi + coseiz is the unit
direction vector. y

The vector p and 4 are referred to a rectangular coordinate system parallel

to the coordinate system of Fig. 26 and with origin at 02

The field radiated by the antenna is obtained by suamming the contribution

from each waveguide element and each feodhorn or

1/2 4 1/2

E~e,~ 41r L~N R X F2 F8)
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Ij 1,1HO,2 1,3
2,1~ 2,22,32,

Y~- 31 3, 3,3 $ 3,

2,1 2,2 2,3 2,4n

1 5,2 0,3 3m ,

Fig. 26. Waveguide lens and feed cluster geometry.
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The gain G° (OdEAF/A)2 where, dEf, the effective diameter of the feed-

horns, is deduced from the measured gain of the 2-inch horn.

"Note 2 : The amplitude radiation pattern of the waveguide elements is unity

except for elemente adjacent tosa step where it is made equal td the radiation

pattern of a wavegulde ele.M.rt adjacent to an infinite ground plane..

With the electric vector parallel to the ground plane

h H(00) 20in2 U + 2JuinUcosU

and with the electric vector perpendicular to the ground plane

h (8,0) 2coa 2 V - 2jcoeVuinV

h(8,M) - 0 for direction below the ground plane

U -- sinesinO

V - •sinecosO

Computation of Leus Geometry

Thu lens geometry is derived under the condition that a wave issued from

a point source at the focal point is transformed by the lens into a plane wave

travelling in the axial direction, This condition is met with

d -dn *(f+Zl(mn))
2  - -f-Zl(mnJ

where Zl(mn) - (R 2 - x2_y2)1/ 2 -

Ro is the radius of the inner spherical surface of the lens

do is the thickness of the lens on axis

x and y are, respectively, the abscissa and ordinate of wavegu:lti
element mn
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XO
The longth of a waveguide element is reduced by - whenever

0

d -d > 0~
mn' o 1"-V0

where ve [1-(X /2a) 2 ] and X is the lens design wavelength.

0 0

Computer Program

The FORTRAN IV computer program listed below requires the following

input data:

Input Data

List 1 -- Lens Geometry

WL: design wavelength of lens

D: lens diameter

A: width of the waveguide elements of the lens

TAU: thickness of wall of the waveguide elementL of the leas

DZRO: thickness of lens on axis

rOD: F/D rutio

RADINt radius of the inner surface of the lens.,

LENSPR! printout indicator for lens geometry (set LENSPR 1 for
printout)

IPLOT: plot indicator for lens geometry (sot IPLOT - . for
SC4060 plots)

NPLOT: Incremented index to identify various runs

List 2 -- Feed Geometry

WLO: wavelength

SPACE! spacing between feed.

IFEED: number of rows in feed cluster, e.g., IFEED 5 for
19-element feed cluster.

47
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|"JFEED(I): number of feeds in each row, i.e., JFTFT)(1) 3, 4, 5, 4,1
for. 19-element feed cluster.

FACLAT: lattice factor - ratio of spacing between rows to apaicing
between feed. in a row. FACLAT - 0.866 for trianguLar
lattice

ION(I): First indices of feeds which are excited'

JON(I)i Second indices of feeds which are excited, o.g.,
ION(l) - 3,18*0, JON(1) " 3 1,8*0 means feed 3,3 Is
-excited

ION(l) 3, 1, , 16*0

JON(l) = 2, 1, 2, 16*0

means feeds 3,2, 2,1 and 1,2 are excited

NFDON: number of feeds excited

NOTE: TFEED and JFEED(I) cannot bo made larger than 5 wit-h,,iL i,-d~h•n..
sioning the array variables ION and JON

IPOL: IPOL - 1 linear polariat.-I.on with E.-vector alua.,l. X-.a:-;J-;

IFOL - 2 circular polarization

List 4 -- Field Geometry

PHI: angle of pattern cut

PHI a 0 E-plane cut

Pill - 90 H-plane cut

TFIRST: initial e from axis

TLAST: last 0 from axis

DELT: increment of 8 for which field is calculatad

ICARD: Option card for next sec of data

ICARD - 2 Go to Read List 4

ICARD - 1 Go To Read List 2

ICARD # 1 or 2 Go To Read List 1

All lengths are in inches, angles in degrees
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The output data consist of

1. input data i

2. Z-coordinates of waveguldd lens va m.n

3. directivity

4. relative gain vs angle off axis for a liven plane of cut

5. SC 4060 plots

It should be noted that much of the data reported in this document required

some slight modifications to the computer program which are, not included in

the following listing, For instance the unit feed, the phase correction and

the variable feed excitation coefficients are not dealt with.

I 4
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FIXu1110EPOR POITIAU A 5/23/75 10:00 1.1.1. LINCOLN 1303BOA'103T

DZIiSZveooII1(50,50) .52(50o,50) )3C01(50).NVPZI(50) ,AIAPQ(50,50)8 INP310020
1 a-Vl (100) T (100) , 86U2D3 (S50) , 73 Z(100) 33100030

DIMENSI3 ON 0 (25) JON3(251 33100050
DXHIMINSN ZIST 1(50,50). 2330000
DINUINOMO ZCOlt(2) PA1Tf2(2) 31P00070
COMPLEX FIZRDD 331O0800
COMPLEX ZIELDIZ3LDI,IZILDH,1ZZ1DP(50,50,2) I3100090
COMPLEX AMPU(2) ,ANP0(2l 11100100
NAK3L13T/LZST¶/3L,D,A,TAU,D30,10,PD,MADZ3.LX3311,ZIL0?,NPL03 11100110
1 /LXIT2/NLOvBPACIZvUDf OV33D.IACIAVVZOU, W1P00120
2J0M, NFDON,X1.OL 331001lb0
34IZ13*/1MZ .T?Z3S! ,TLAIT,DIULT, ZCARD 111001140
PUNC(Z.T,3ADZN)m1g3!(3ADZIIOS2-X**2-T**2).mADIw 33100150
C!ADm0.1711532932-1 32100160
TVOPIZu6.2831853 13100170

C 33100180
C BEGIN CONPUTATION 01 LENS GOSOMITO 13100190c 32100200

ISO INAV(5,LZS!1,330u900) DIP00210
IF (ILOT.1g ) CALL MCD230 H3100220
ZF(XPLO!.30.1)CALJ, 3COaTG(98,I40,'a') 13P00230
RIZTZ(6,2)WLIOD.D,3ADINATAUDlON RIP00240

2 FORMA2T(IN1 2X#NAYXLXNGTH-I.15.3,0 ZUsfv/3Xl1/D.S,?5-3v/3X 12P00250
1'DZANZI31'l,PS.2,1 ZW,,e/321'ADZUU 0F LIENS INSIDS 8tfl1aCl',F5.2o'RlP002G0
I ZN.'./310VAYZQUZDE I.D.notVS.3#1 ZV.I#/3X R1100270
20VALL TMICKN3ISU',16.3,' ZN.'#/3Z'LlV3 THICK1338 00 AXZI01,F6.2, I3P002A0
41' ZNAI) 33100290
Do 313 11.1,50 31100300
Do 313 W-1,50 33P00310
Z1(N,0)00.0 R1P00320

313 22 (MON4) .0. 33100330
APXmA+TAU I31003*0
fLw O* 0*D 33100350
llHDlXw3QRlT(l - (VL/2./A) *m2) R3P00360
DIAVZuwL/( .-lIlD3R) 33P00370
Wl1I7Z(6,3) RIIDR , DUATI, IL R1100380

.3 FORNAT(31IIHDIX OF REPRACTI0NPI,76.4,/3XIFULL-WV1V SI'Il',77.d4, 12100390
it IN.',/31'?OCAL LIIIOTHE*1'16.2,1 IN.$) 321001400
NHAXui)/2./APT*.S 5 1100*10
MYIN*2. *ANAR R1100420
D0 600 Nmi,HIAX 33100430
NQUZDI(M)A INP3100440
I. (-N*NMAX*.5) SAlT RP0

1111(H) u2*9NAX-NCO (N) 41 33P00470
Do 601 Nu1,NNAK 33100480
Z1(V.LT.NCON(N)) 00 TO 603 33100*90
Tm (-N+HNA%+.S) AlT 33100500
21 (fl,)wFUvC(X*TIADZU) 13100510

DIDZuDNDZ/ (1.-RIZIZI) 33100530
066 IF(DND2.QT.DVAYN) 00 TO 1000 331005*0

0O TO 1001 Is1005s0



,Tj

FILE: REPORT FORTRAN A 5/23/75 10:00 31.IT. LINCOLN LABORATORY

1000. DHDZmDMDZ-DWAVZ 3100560ss
GO TO 888 31100570

1001 Z2 (31,1) Z1 (NN) DNDZ+DZRO isp00580
0O TO 601 33100590

603 21(31,1)M0. 100

Z2(311) .0. 33100610
601 CONTINUE 31100620

600 CONTI1VUE RIP00630

R13A113131A1+1 11100650
Do 750 31.1,HAX 2P06

750 Z2jhMNNAI1)uZ2(31,NNAX) I1P00660
D0 751 M=I,313AX1 I3100670

751 Z2 (311.I1#N) m22(MMAXON) 310
C 31100690

C ISTEP-i IDENTIFIES STEP ALONG X-AXIS RIP00700

c ISTEP-2 IDENTIFIES STEP~ ALONG Y-AXIS 31100710

C ISTEP=3 IDENTIFIES STEP ALONG BOTE AXIS 91100720

C ISTEP=0 NO STEP 33100730

C 31P00740

Do '400 Mu1 ,MNAX 33P00750

VAUNCON (3) 11100760

Do 400 NoNA,KMAX 31P00770

ISTEP (31,N) sO 3100780
%F(N.N3.1)GO TO 1404 31100790

IF(22(3101) *LT.Z2(H+1,Vfl!STlP(,V)wl 3100

GO To 403 3310 0810

1404 IF(V.LT.MCOH(M11)) GO TO 1402 33100820

403 IF(N.EQ.Nk) GO TO 1401 33100840

1402 IFJR.39.E 1) GO TO 05s 21100850

Ir(N.LT.NCOPICN-1) .AND.Z2(N,N).LT.Z2(3141vN))ISTIP(N.N)ul 33100860
1405 Ir(Z2WN,N) .LT.Z2 (N,N-1).AND.Z2(N,N).LT.Z2(N,N+1))I6sTEPJNN).ISTIP(33

100oe7 o
11,N) +2 RIuI0oes

GO TO 1400 11100890

401 I7(Z2(N,,N).LT.Z2(31u3+1))ISTIP(N,N)1ISTEP(N.N)+
2  33100900

'400 CONTINUE 32100910

626 DO 630 M-1 ,MMAX 31100920
SHA~i uNHX+13P109 30

DO 630 NRIIAX11,NPIN 11P00940
KN=NYIN1-N21100950

I S TEP (8, H) u ISTZP ( M, MN0) 31200960
Z1(m,Njszl(m,HN) 33100970

630 Z22(H, M) u22(1, HH) 31100980

DO 631 MHHMAX1,HIN 33100990

NGUIDE(N) -n 31101010

* ICOMI(H) -ICON (NH) U3101020

1711 (H) sa'pIN (MR) 31101030

DO 631 SN1,HFIU 33101040

Z1 (11,N) UZI (ON3,) 311A01060

631 Z2 (M, 9) qZ3 (H,N) 31P01070

IF(LENSP1.NE.1) Go To 102 33101080

625 NI-l 33101090
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FILE:' REPORT FORTRAN1 A 5/23/75 10:00 'O.Z.T. LINCOLN LI303AT03T

610 NRZTI(60 10) (IGUIDR (H) ilmlY, IL) a3101110
10 FORMAT(1N1 291'INSIDE SUPFACI1 X-L3NGTH (I./5I*S*?***/ 310120

111xv'/(21 1816)) 33101130

4 O!,JIAT(11 12,18P6'.2//) 1r S
Zip(NFfIM-NL)700,700,701 33301160

701 'IlruNL.1 33P01170
U~uNL4IB 3301100

GO To 610 31101190
700 117.1 33301200

11Lu18 3301210
800 UIITE(6,11) (MGUIDE (K) flUNFvNL) 33101220
11 FORNAT(IHl 29X'OdTSIDV SURFACE 2-LBIOTE (!.U/5SI**Y***/ 330230

11I'I'/21 1816) 131P01240
No X3 (6 15) (MGOIDI (K) , (Z2 (HeV) WwWF,NML) A's I NVN) R21012-50

5 ORNAT(1I 12,18?6.2//) RPI6
I'ij(mr1N-NL) 702,702,703 13P01270

703 NPUNL41 13101280
MIl.N+le 13P01290
00 TO 800 I3101300

702 CONTINUZ 13P01310
C 13101320
C IND OF ISMS GbOhBTRY CALCULATION 13P01330
C R1101340

BEGIN CALCULATION 0F FIELD AT OUTPUT OF VAVEQOIDE ELININTS 11P01350
C 11P01360

151 HEAD(5,LIST2,ENDw900) 33P01370
NRIZE(6,7)DLO, S&PACX,IF1ED, (J3RD (l),,i1, 10) ,FACLAT 310P1360

7 rORMAT(IUI d4X'OP3RITING WAVELSNQTHwf,F7a3,f I3.,/ 33101390
15X'SPACING BETWEEN T3ZDS.',17.3,f II.0, 33P01400
2/5I*NURBRI Of BONSwf#12,/5I*1UN333 OPF INDSER RON30 IS'.1013 33101410
3,/SXILATTICS PACTOR0',V6,3) 11P01420
V13171(6,21) 1UYDON 13P01430

21 FoRNAT( SX'NUMDER or ??IDS ON 1S1,12) V1101*40
IF(IPOL.EQ.1) N3ITI(6,737) 33POI450
lF(J.POL.IQ.2) NRITI(6,738) 13101460

737 PORMIT(SIOPOLAM.LZATION IS LINEAR') 33P01470
738 VORIAT(X1'POLARIZATION IS CIRCULAU') 31014600

c FEED NOUN PARAMETERS 31101490
C NEXT7 THREE STATEMNETS DEFINE A THEORETICAL FEED THAT HAS 33101500
C A GIIN PATTERN IDENTICAL TO THE 111SUA3D GAXN PATTERN OF A 33101510
C 2-INCH CIRCULAR APRITURE 11101520

H031111 .725*SPAC3/2. 33301530
IIORNIHul.590*SPACI/2. RIiioi40
EFFDIA*1.71*SPAC3/2. 33101550
GFISD.TWOP*I*Er'DIA/11L0/2. 23301560
GFZEDw20.*ALOGIO (G7EED/WLO/rL) 13301570
MFISSTal 33101500
NLASTuNPIN 33301590
DO 104 MuNPIRST,NLAST 33101600
NAWNCON (N) 31301610
NmwWFIN (n) 33P01620
DO 102 NuMAfND 3310 1630

1ADS(N.Nu(~.NNA..5aS2.-NIAX,5)** 3301640
102 1AD SQ (A ,N) =IAADS Q(UhN) *A PT*2 R3101650
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YZL3: 211082 FORTRAN A 5/23/75 10O0 ML!~. LINCOLN I.&3031?031

1014 CONINZUE 33101660
C 33P01670
C COMPOTS I 7210333 331RVIN01680
C 33101690

00 250 Zu1,Z1330 31201700

3181(1). (-Z*11130/2.*. 5) *3PAC3*1CL&! 13P01720
R1SXSQuIIPSI (Z*02 33101730
DO 250 4*1.3133D 33o1'017140

1181(Z.') u(-3.VZID2.* 5) IPAC 3301750
250 3IPSQ (1,3) .3181(X,!) *2+31B130 13101760

c 13P01770
C IND 07 CONUTATITOM OF 1330 03092TIT 3310 1780

C 13101790
YL SQ.VL*02 13101800

3lH02w2. *l51 11101830
U3Z!36,16 (ZOUZ),33(I) .1,1) 1P018140

16 103hIT(2X@THS FOLLOWING FINDS All Ovvu10((.Z2.IvsZ2v.)'/291 31101850
1 9(1 ('1 v3,1, .12# 1) 0)) 31101860

0133D~u67330- 10. *ALOOIO (FLOI! (31003)) 31101870
118 DO 113 Uu1,MFIU 131018800

DO 113 VolNFIN 13101890
hILljl(sfU,1) (0.,0.l M3101900

113 ZINLDV(loN#2).(0.,O.l 31101910
DVw3!U01Z*UOVIN/UL0/2. . 3310920
DWII.!UOPI*HORUH/ILO/2. IN1301930
DO 999 Xm1,1133D 131019140
MYS3307133D41) 13101950
D0 999 lul.UP3ID 11101960

710 lII3DlDuCRPLI(.,O.) 11101970
ICO UNTwO 13101980
DO 712 Zo0l171413D 10101990
NPNSIh3D330(101) 13P02000
Do 712 J01u1.1133D 13102010
YCOUN'ZuNCOUNT41 R3102020
IP(Z.IQ.ZOU(MCODUT) .&NDoJ.IQ*J0V(0COUVT)) 00 T0 711 . 3P02030

712 CONTINUE R3P020140
0O TO 999 33102050

711 NflIaSTn1 33102060
ML ASTONV3 133102070
DO II191 NulRS!,NL&S! 11102080
N&WNC0U (3) 33P02090
N NFuIFN(N) 33102100
1. (NNAX+. 5-H) *APT 33P02110
X1X.2..*3151(I)*X-3158Q(I.3) -ILS*2 131O020
Do 1113 m.N&,33 3310230
To 1(H AX+. 5 -) *APT R1P021140
1&'1Niw-XZ.2.*3PV15(,3)!.+2.*(?L.31DX3)*31(I.N) 13P02150
1&!1Q3IQSI? (PAYIII) 31102160
SClIN(X-I151(I))/IX1SQN 31102170

U01D33*8C13 33P02190
g2m033*8813 13102200
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R, R31102220

.:A ~ i Z ( .. 1 Q .. 1 Q02/1 2 0 6 (1 , 9 2 aQS ,. 1q 20000 /1 2 O t.) -*1 62216

MISRTl R P02260

PAT HI IPA*S03 11029
PA T Pl T Wl ALO3 * 3 1Z V 32102300

*' EZL 1)P(N j V F )u7,IDP (N, v 1) *C K LE(AN P l.0 YsCXP (CPLx (o.PAT 8 ), REP02-3 10
,t *FNUDID 111 02320

U?(lPOL.V1.,2)LO TO 1113 12 02330,
0.12! Do 3 8 IR 22p0 02350

t~lugm~lTit TE023(63
U250mU2**2 33102370

* ~ N1zuM~4*333I1~FATugufOR3(i.5I (3No)/lIt) U1402390
71'3tLo(at V, ) o1ZUlsDptN3,812) 4cumpzox(ARMIZ80 ,) *CuXI(CNPLk (o.,PATu,) I i021400

* I*PZIDPD .RP 1021410
1113 CONTINUE, 21102420
ill CONTIMZNZ 'R3021430
999 CONTZINUE 21P021440

-c REP 24 10 50
c END 07 CONU1L¶ATION 1 OF 72lD AT 312T 0F NAY4091DE3 311021460

-c R3P02470
C DIoNtiCONPUATION 011 ?IN 12320 . 11021680

C p31P024690
*.18 1ý1AD(5,LZS?16 1lDw500)' 3i02500

VRITS(§, 7) PI31102510
17 ?lONAT(/ 3 lif~Z'elP7.2o'D3GR3EZU) 111002520

PH21u1112*CRAD 12P02530
COSPHINCOS (1112) W11025460

5211 N~sSU(IN I) WtP0 2550
ltINOlw-00 W2P02560
?NZ7AThoY.IST R3102570
233Dm (TLAST-TYR3ST) 0DXLT*le5 RIP02580

116 D0 110 Kul*THND AR102590
?HI!AB*TNBI*C3AD 11102600
S SXNIISR(TUBTAR) R1P02610
COS~aCOS (THETAAi) 31P02620

C W1102630
c 82070 CONPUTATION Of IADIA7203 PATTERN OP 3AY300203 WHEN1U! 311026140
C 31P02650

SUICOS*SZNT*C0SPXZ 11102660
3ZWSIgnslv:T*Szu1Imz I2P02670
PlD0LmAPT*TW0PI/2 ./VLO 31102680
HPXDQLaASS (12D02*SISV 112)ISP02690
UPZDOLwASS (PIZDOL*SXNCOS) 31P02700
SIN~aSZ3 (HPIZOL) 33102710
SINNOUZI (312002) 31102720
COSUNCOSM(IZDOL) 31102730
C0SHuC0S (IIIDOLI 33P027140
?IELDEN(0. 00.) 31102750
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!,.IZL3 au?'blT ;,03TIAN 4, 5/;3/1.5 1,0100 Z~2 LZUCOJ.N LAB303&291 '. .

IN0.6 .

'I 11X32'1 1102770.

DO- 112' UIm1ZRISTo*1LA32 13103790

DO-1123 V=NUA'#'D 1l0.2820
i~a (1')uCNPLX (1.9 . 31002830
ARM (1). CHILI(1 0 0.) 31002640
AN IN(2) =CUILX(10.) 13102660
WON (i)1w2 (A V) 33102670
ZCOR (2) wZ2 MU 1) 331N02880
17 (11231 (9,N) .91. 2) 00 T0 410 '12*02890
00OTO0411 33103900

410 6VUN*IhI0..ADNL.IR 0 20 429 3110O2910
X1(S31NT*flNPNI.LU.0..ANDUGT.NNAI) 00 20 420 33102920
111PM (1)wCNPLZ (0.#06) '13102930
AMPO (2) mCNPLZ (0. #0.) 31P02940

*0020O 1123 13P02930
420.ANIN(1)nCNILX(2.*SIIII*SXNU..2.*SZNM*COSU) 33102960

I? (3. 1.AOR.N.19. D) GO TO 431 331P02970
2C03(l)uAilhU1(Z2(N,U-1).Z2(I.U.1)) 13102960

* 431 Z1(IPOL.01.2) GO TO 430 233P02990
AcOP.2. '33103000
i1(5ZNSIN.30.0.) 1C01M1. 310.30 10
AKN V(2) mCNPLX (ACOFSCOIN*COSI,-ACOP*COSU*I$NU) D3P03020

430 1i (15211 (N1,3) 3Q. 2) GO '20 120 31103030
411 1(51433.3.)GO T0 120 331003040

I F X)IT*COSPHZ.GI.0. AND, Nal. 3.HAX) 6020O 421 13103050
iPý(DINT*COSPHI.L3.O..,AUDi.fl.T.INAX) 00 T0 421 IN1313060
ANPH(1)wCHPLI(0.,0.) 11103070
A1PN1(2)-CfiPLI (0.40.) INP030e0
GO TO 1123 I3103090

421 Korm2, 31103100
17 (SIUT*OSPHI1*0.0.) &COPIi. 33103110
ANPN(I)WCNPLX (ACOP*COSI*COBN,1AC01*CO31ISZIN) 33103120

l(TIVOL.MI.2) GO T0 120 13P03130
ANPN(2)aCM1LX (2.*SZUN*5131.42.*PUUN*C053) 31003140
Xl (K.30,140.N1A.ZoNFIN)0 TO 120 3310350

It(NLZ.MAIAND.(3.2.MOU(-1) Ole .3.62.311(K-1))).GO TO '120 ~ l34
1? (N.GT.mNAX.AvD.jI.1T.VCOfl(Ni1.336.P131)O U010 3031760

c IND 0V COMPUTATION 01 RADIATION PATT333 01P 31V19611 1LININ23 .U10P3200
12 110 3220

PLaMs. (Ag (Ho3)-SI (NON)) *311D31 11P03230
lk1110U23011SPL331/ULO 33P03240

30113a0353 (±30)11103250
A51311mSQRT(I ..3o13**2) RI103140
PA1241 1). (%CO3(1)41 (N,) *1 1MYDIX -ATH: (ICON3(1) -0210) *COST 33103270
PA1212(2)ma(ICON (2) -31(0.3 ) *5:UDXX-PAIU (3COM (2) -DUO) *C052 303260.
PAT2 1(1) =PATH 2(1) *T VOIZ/1160 131003290

ttPATH2 (2) uPA2112 (2) *TUOPI/VLO 31103300
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i lZ,3: FIO~ ORTIAN, A 5/23/75 10:06 U4.i.T.'NCOLv L4801A1031

'N p~ '041*~1,00 A'~ 3310SP3320
1110 6" T 4,11'33103330

AZ1b'f30.~D (Me io 2) oCUip(Cou c(.. SPAT92 (2))) *1111 (2) RI103~1,0
X Ni()CfNL(LN1. 1. f~ . ~ is So

1 0 1 3' TIND.B 
2136

12, I~U 13#*03310 *

T 33103360
I? (Uwl¶, Ig.2) FZILDuO,5* tVilltiblo DUo) 331#03390
In2 (K) mum 02(ANA0(fMUD) v33At(d1ISLD) )/C3AD 3IIEV03400

? CADU 012 Z0o)*A W**l 33P034310

878O*T ii7( RIP9.. 034330

.110. THIThugTH3TA+D*LT 33'0 34380
C. - 3103490
C PRINT AND PLO`ý SATEMIUN'S 331035001. 33P03510

Do 501 Ku1,ZIIID 33P03520
PWN (K) suPN(K).-UO 81303530

.501 .122 MK =PAZ (K) -133301 ullP035430
URITE(60'502)' PUNOF~rlZNO3 310P3550

502 FORNAT(//71 $PEAK OAI~wlv17.2,1 D21,51'331PIRIUC PHAS33u',17.2#0 D133P03560
103313) I3W0 3570

72 ;03NAT(lt /z MP059

17(XPLOT.20.1)VIT (GO1 TOO 680061

714.M1ZL 33A3t(/ ANXVL TENO A I AY13D L31DIN0-33' 036200
72PDALLLINI INNIe?1PIW)333 070

ISuDO 303w~lg31P03730
141 30 i (98,70T.40) PVtTS!.UPL0 231037660

70 UIDW-0 101T21,t1T1 133103S750
NI(PLOT*NNX.OT+ 33TO601V03760
CALL' FRAIO303770

650 C NONTINUE DENATVAN31 XS-IV *11 I037600
1(CARD.1130.1) GOTO181) 33P03710
IV(CAR.IQ2)0 TO18P303720

70 O NTO 10,PT 331sJ)R03710
90 I(PLOT.3V0.1CLL hI 33037620
CAI;NTO NX 33103330

650 331IUMIN033730

iYUCRD.S.1)so T 15 RIP379
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